The dynamic characteristics of simply supported pyramidal truss core sandwich beam are investigated. The nonlinear governing equation of motion for the beam is obtained by using a Zig-Zag theory. The averaged equations of the beam with primary, subharmonic, and superharmonic resonances are derived by using the method of multiple scales and then the corresponding frequency response equations are obtained. The influences of strut radius and core height on the linear natural frequencies and hardening behaviors of the beam are studied. It is illustrated that the first-order natural frequency decreases continuously and the second-order and third-order natural frequencies initially increase and then decrease with the increase of strut radius, and the first three natural frequencies all increase with the rise of the core height. Furthermore, the results indicate that the hardening behaviors of the beam become weaker with the increase of the rise of strut radius and core height. The mechanisms of variations in hardening behavior of the sandwich beam with the three types of resonances are detailed and discussed.
Introduction
Truss core sandwich structures are drawing more and more attention from researchers due to their excellent mechanical properties and many functional applications. Cellular materials have always played a significant role in many engineering fields. As a new member of the family of cellular materials, truss-like material has broad application prospects. Evans et al.
[1] compared the integrated performances of the different types of cellular materials; the advantages of mechanical characteristics and multifunction of the lattice materials were highlighted. Deshpande and Fleck [2] investigated the collapse responses of the sandwich beams with truss cores. They revealed that truss core sandwich beams were significantly lighter than the sandwich beams with metallic foam core against the design constraint of collapse load. Wallach and Gibson [3] analyzed the elastic moduli, uniaxial compressive strengths, and shear strength of three-dimensional truss structures. It was concluded that the truss material had improved properties over the closed-cell aluminum foam.
Next, the manufacturing techniques, mechanical behaviors, and functionalities of the sandwich structures with different truss cores were paid close attention to by researchers from different research fields [4] [5] [6] [7] [8] [9] .
Unfortunately, the investigations on vibration responses of the truss core sandwich structures are extremely limited. Lou et al. [10] studied the free vibration of the simply supported truss core sandwich beams; the natural frequencies of the sandwich beams were obtained and the theoretical results agree well with the numerical results. Xu and Qiu [11] investigated the free vibration of the truss core sandwich beams with interval parameters. The effects of geometric and material parameters on the natural frequencies were analyzed. Lou et al. [12] analyzed the effects of local damage on vibration characteristics of the truss core sandwich structures by numerical and experimental methods. Li and Lyu [13] investigated the active vibration control of lattice sandwich beams with pyramidal lattice core using the piezoelectric actuator/sensor pairs. Song and Li [14] studied the nonlinear aeroelastic characteristics and the active flutter control of sandwich beams. The face sheets and piezoelectric material were modeled by the Euler-Bernoulli beam theory, and the core was modeled by the Reddy third-order shear deformation theory.
Moreover, the vibration behaviors of the truss core sandwich structures can be deduced with the help of a large number of dynamical studies on the sandwich structures with honeycomb core, foam core, and other cores. Frostig and Thomsen [15] used high-order sandwich panel theory to analyze the free vibration of sandwich panels with a flexible core. Biglari and Jafari [16] studied the free vibrations of doubly curved sandwich panels based on a refined threelayered theory. Jam et al. [17] investigated the free vibration of sandwich panels by using an improved high-order theory. In several papers like the aforementioned three references, the three-dimensional elasticity theory was used for the core, which has a better accuracy to predict the response of the thick sandwich structures.
For thin and some moderately thick sandwich structures, the equivalent single layer theory and the layerwise theory were widely used. E. Nilsson and A. C. Nilsson [18] investigated the dynamic properties of sandwich structures with honeycomb and foam cores. Li and Zhu [19] studied the free vibration of honeycomb sandwich plates by using the improved Reddy third-order shear deformation plate theory. J. H. Zhang and W. Zhang [20] investigated the global bifurcations and multipulse chaotic dynamics of a simply supported honeycomb sandwich rectangular plate by using the extended Melnikov method. Yang et al. [21] investigated the transverse vibrations and stability of an axially moving sandwich beam. Sahoo and Singh [22] analyzed the buckling and free vibration analysis of the laminated composite and sandwich plates by using a new trigonometric Zig-Zag theory. Khare et al. [23] presented the free vibration analysis of composite and sandwich laminates by using a high-order shear deformation theory. Sakiyama et al. [24] studied the free vibration of a three-layer sandwich beam with an elastic or viscoelastic core and arbitrary boundary conditions. Banerjee [25] analyzed the free vibration of three-layered symmetric sandwich beams by using the dynamic stiffness method. Cetković and Vuksanović [26] studied the bending, free vibrations, and buckling of the laminated composite and sandwich plates by using the generalized layerwise theory of Reddy. Ferreira [27] analyzed the mechanical behaviors of the laminated composite and sandwich plates by using a layerwise shear deformation theory and the multiquadrics discretization method.
Although the studies on the vibrations of the sandwich structures are relatively detailed, the unique dynamic characteristics, especially the nonlinear behaviors of the sandwich structures with truss core, are still required to be explored. The main aim of this paper is to particularly study the linear and nonlinear dynamic behaviors of the truss core sandwich beam. In this paper, the nonlinear governing equation of motion for the simply supported truss core sandwich beam with immovable edges is obtained by using the von Karman type equation, Hamilton's principle, and a Zig-Zag theory. The influences of strut radius and core height on the linear 
Formulation
The simply supported sandwich beam with pyramidal truss core subjected to a transverse uniform load is considered in the paper. A unit cell of the pyramidal truss core is shown in Figure 1 . The length, radius, and inclination angle of the truss are represented by , , and , respectively. Thus, the relative density and the equivalent shear modulus are expressed as follows [2] :
where is the equivalent density of the truss core and and are the density and elasticity modulus of the mother material of the truss. The truss core sandwich beam can be modeled as a laminated beam which is composed of two solid layers and an equivalent continuum core layer. Generally, for a sandwich structure, the following assumptions [28] can be given:
(1) The thickness of the truss core sandwich beam remains constant during deformation. (2) Only bending deformation is considered for both thin face sheets and only shear deformation is considered for the core. (3) The face sheets and truss core are combined closely.
Thus, the deflections between each layer are continuous.
These assumptions are widely used to study the sandwich structures which have thin face sheets and thick core. Based on undeformed and deformed geometries of the truss core sandwich beam as shown in Figure 2 , the displacement field can be expressed in terms of the midplane displacements 0 and 0 and rotations , the face sheets of the sandwich beam adopt the Kirchhoff hypothesis, and the truss core adopts the first-order shear deformation theory. Hence,
where the subscripts , , and represent the top face sheet, the truss core, and the bottom face sheet, respectively. ℎ represents the total thickness of the truss core sandwich beam and ℎ represents the height of the truss core. Using von Karman's theory for the geometric nonlinearity, the strain-displacement relations have the form
where 1 and 3 represent the strains of the face sheets and represents the strain of the truss core. Substituting (2a), (2b), and (2c) into (3), we have
The mathematical statement of Hamilton's principle is given as
The virtual kinetic energy , virtual strain energy , and the virtual work are, respectively, given by
3 ) = ∫ 0 1
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where the superposed dot on a variable indicates its first derivative with respect to time:̇0 = 0 / , and so on. Substituting (6a), (6b), and (6c) into (5), the nonlinear governing equations of motion for the truss core sandwich beam are obtained:
where
We consider the face sheets and the truss core are made of the same isotropy material. The stress-strain relations of the truss core sandwich beam can be represented by
The stress-displacement relations can be expressed as
3 ,
1 and 3 are called extensional stiffness, 1 and 3 are called bending-extensional stiffness, 1 and 3 are called bending stiffness, is called shear stiffness, and are the mass moments of inertia.
Considering the symmetry of the two face sheets of the truss core sandwich beam about the -axis, we have
Shock and Vibration 5 Using the stress-displacement relations, (7a)-(7c) can be expressed in terms of generalized displacements:
Validation
In order to check the accuracy of the presented model, the natural frequencies are calculated and compared with the results presented by [10] . For linear vibration, the in-plane motion of the structure can be neglected. Therefore, the simply supported boundary conditions of the sandwich beam can be expressed as
The displacements and 0 which satisfy (13) can be represented as
We only consider the transverse vibration of the truss core sandwich beam; thus, we can neglect the rotatory inertia terms. Substituting (14a) and (14b) into the linear form of (12a), (12b), and (12c) and applying the Galerkin method, the natural frequencies are obtained, as shown in Tables 1 and  2 . The good agreement between the present and published results validates the accuracy of the present method.
The dimensions and material properties in Table 1 
The dimensions and material properties in Table 2 
Nonlinear Frequency Response Equation
In the following analysis, the nonlinear vibrations of the truss core sandwich beam with simply supported boundary conditions are considered. For nonlinear vibration, the simply 6 Shock and Vibration supported boundary conditions with immoveable edges of the beam can be expressed as
The transformations of variables and parameters are introduced to obtain the dimensionless equation:
Therefore, the dimensionless equations of motion for the truss core sandwich beam are obtained. For convenience of our study, we drop the overbar in the following analysis. The displacements 0 , , and 0 which satisfy (17) can be represented as
In addition, the excitation has the form
Next, the Galerkin method is used to obtain the nonlinear ordinary differential equations of motion for the sandwich beam. The transverse vibrations of the sandwich beam are mainly considered. In the same way, we can neglect the longitude and rotatory inertia terms. Substituting the displacements 0 , , and 0 into the resulting equations, the ordinary differential equation is derived:
where ( 1 , 2 , . . . , ) represents the coupled relation between the different modes and the coupled term does not appear when the single mode response is considered. The coefficients in (20) are presented in the Appendix.
The following scales transformations must be introduced for obtaining a system which is suitable for the application of the method of multiple scales and studying the resonances of the sandwich beam:
where is a small, dimensionless parameter. Because the coupled term ( 1 , 2 , . . . , ) has no contribution to the primary resonance of each mode in theoretical analysis, therefore, we can neglect this term and obtain the following equation:
The method of multiple scales [29] is used to obtain the uniform solution of (22) in the following form:
where 0 = and 1 = . Then, we have the differential operators
where 0 = / 0 and 1 = / 1 . We have the following relation:
is the detuning parameter which quantitatively describes the nearness of excitation frequency to the linear natural frequency.
Substituting (23)- (25) into (22) and balancing the coefficients of the like power of yield the following differential equations:
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The solution of (26a) in the complex form can be expressed as
where is the complex conjugate of . Substituting (27) into (26b) yields
where symbol cc denotes the parts of the complex conjugate of function on the right-hand side of (28) and NST represents the terms that do not produce secular terms. Function may be denoted in the complex form:
Substituting (29) into simplified (28) and separating the real and imaginary parts from the resulting equations, the two-dimensional averaged equation in the polar form is obtained aṡ=
we havė=
Steady-state motions occur wheṅanḋequal zero, which correspond to the singular points of averaged (32a) and (32b). Thus, and are constants. Eliminating by using the relations between trigonometric functions, we obtain the frequency response equation of the truss core sandwich beam with primary resonance as follows:
Subsequently, the subharmonic resonance and the superharmonic resonance of the sandwich beams are considered. In the two cases, the following two transformations are required:
For subharmonic resonance, the detuning parameter is introduced according to
Similarly, the averaged equations in the case are obtained:
where Λ = (1/2) ( 2 − Ω 2 ) −1 . The frequency response equation of the truss core sandwich beam with subharmonic resonance is
For superharmonic resonance, the detuning parameter is introduced according to
The averaged equations in the case are obtained:
The frequency response equation of the truss core sandwich beam with superharmonic resonance is
The plot of as a function of for given is called a nonlinear frequency response curve which can be used to describe the hardening behavior of a structure. In the following analysis, the parameters in (33), (37), and (40) should be calculated by using the Appendix. 
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Numerical Results
In the study, the influences of the structural parameters on the dimensionless linear natural frequencies of the truss core sandwich beam are studied at first by neglecting the nonlinear terms in (20) . The face sheets and the truss of the sandwich beam are made of the same material. The material properties are taken as follows: = 68.9 GPa and = 2680 kg/m 3 . Figure 3 indicates that the first-order natural frequency decreases continuously and the second-order and third-order natural frequencies initially increase and then decrease with the increase of strut radius. The relative density corresponding to the turning point in the changing curve of the second-order natural frequency is smaller than that of the third-order natural frequency. When the strut radius increases, the mass moment of inertia and shear stiffness of the sandwich beam both increase; the changes of the natural frequencies depend upon the combined effect of the two factors. The structural parameters in the figure are given as ℎ = 0.012 m, ℎ = 0.01 m, = /4, and = 0.7 m. Figure 4 shows that the first three natural frequencies all increase with the rise of the core height and the higherorder natural frequency increases faster than the lower-order natural frequency. When the core height increases, the mass moment of inertia, extensional stiffness, bending stiffness, and shear stiffness of the sandwich beam all decrease; the changes of the natural frequencies depend upon the combined effect of those factors. The structural parameters in the figure are given as ℎ = 0.012 m, = 0.6 mm, = /4, and = 0.7 m.
The steady-state responses of the first three modes of the sandwich beam with primary resonance are investigated. The hardening-type nonlinearity of the first three modes all becomes weaker with increasing strut radius and core height, as shown in Figures 5 and 6 . The bending of the frequency response curve mainly depends on the nonlinear term and the frequency parameter according to (33). It can be known from in the Appendix that the nonlinear term is related to the extensional stiffness of the face sheets as well as the mass moment of inertia, thickness, and length of the sandwich beam. The theoretical analyses indicate that the reasons for the weakening of the hardening-type nonlinearity with the rise of strut radius and core height are different. At first, we discuss the influence of strut radius on the hardening behavior of the sandwich beam. With the increase of the strut radius, the hardening behavior of the beam is weakened by the rise of the mass moment of inertia and shear stiffness. It is concluded from (33) that the increases of the mass moment of inertia and shear stiffness both weaken the hardening behavior. The structural parameters in Figure 5 are the same as in Figure 3 . With the increase of the core height, the hardening behavior of the beam is weakened. It is concluded that the decrease of extensional stiffness tends to weaken the hardening behavior and the decrease of the mass moment of inertia, shear stiffness, and bending stiffness tends to strengthen the hardening behavior of the sandwich beam. Obviously, the effect of the extensional stiffness is dominant according to Figure 6 . The structural parameters in this figure are the same as in Figure 4 .
Furthermore, the hardening-type nonlinearity of the higher mode is stronger than that of the lower mode, and the influences of the structural parameters on the hardening behavior for the lower mode are slightly larger than for the higher mode. In the analysis of the primary resonance of the sandwich beam, = 0.001 and = 1 are always chosen.
Subharmonic and superharmonic resonances are relatively easy to be generated at the lower modes, especially at the first mode. The nonlinear frequency response curves for the first mode of the sandwich beam with subharmonic and superharmonic resonances are investigated in the paper; the numerical results are shown in Figures 7 and 8 , respectively. Figure 7 demonstrates that the subharmonic responses only occur in the frequency ranges which are higher than the linear natural frequency no matter which and how structural parameters change. Increasing strut radius and core height will weaken the hardening-type nonlinearity in the resonance case, just as the influences of the structural parameters on the responses of the beam with primary resonance. Figure 8 demonstrates that the shapes of the frequency response curves for the first mode with superharmonic responses are similar to that of the sandwich beam with primary resonance. The variations in the structural parameters can not only affect the hardening behaviors of the beam but also significantly change the frequency range of the resonance responses.
Decreasing strut radius and core height can broaden the frequency ranges of the resonance responses. Based on the analysis of the frequency response equations, we conclude that, in the cases of subharmonic and superharmonic resonances, the mechanism of the variation of the hardening behavior via the structural parameters is the same as that in the case of primary resonance. = 0.001 and = 2 are chosen in Figures 7 and 8 . Moreover, the structural parameters in Figures 7(a) and 8(a) are the same 
Conclusions
The natural frequency and hardening behavior of sandwich beam with pyramidal truss core are investigated. The truss core is equivalent to a continuous homogeneous material and a Zig-Zag theory is used to derive the nonlinear governing equation of motion for the sandwich beam. At first, the natural frequencies are calculated to validate the present model, and the changing rules of the natural frequency with the strut radius and core height are obtained. It is illustrated that the first-order natural frequency decreases continuously and the second-order and third-order natural frequencies initially increase and then decrease with the increase of strut radius, and the first three natural frequencies all increase with the rise of the core height. Then, the hardening behaviors of the sandwich beam are analyzed. Numerical simulations indicate that the effects of the two structural parameters on the hardening behavior in the cases of primary resonance, subharmonic resonance, and superharmonic resonance are similar. However, the mechanisms of the variations of the hardening behavior are very different. The influences of the structural parameters on the frequency parameter and the nonlinear term of the sandwich beam are studied in the paper for analyzing the variations of the hardening behavior. The hardening nonlinearity bends the frequency response curve to the right. Generally, under the same excitation, the stronger the hardening-type nonlinearity, the smaller the response amplitude. We investigate the influences of strut radius and core height on the dynamical responses of the sandwich beam. Using the equations obtained in this paper, the influences of the other structural parameters of the sandwich beam on the vibrations can be conveniently analyzed.
It is one of the effective methods to suppress the structure vibration by modifying the structural parameters, especially in the complex working circumstance. This method can avoid introducing new influence factors to the original system. Thus, it is very useful for the truss core sandwich structures which are usually used in aerospace vehicles. The free vibration and hardening behaviors under different resonances of the sandwich beam are studied in this paper. The parametrical study can provide the theoretical and data support for the design and vibration suppression of the truss core sandwich structures from the point of view of dynamics.
